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THE EFFECT OF THE SLIPSTREAM ON AIT AIRPLANE WING* 
By A. Franke and F. Weinig 

SUMMARY 



The present report is in some respects a continuation 
of an article on the subject entitled "Influence of the 
Propeller on other Parts of the Airplane Structures , " by 
C. Honing, published in Aerodynamic Theory (1935), vol. 4, 
p. 361. This article has been simplifed through the pres- 
ent one in the case of a wing spanning the slipstream and 
extended to include slipstream rotation and propeller in 
yaw . 

The conditions which must be met at the slipstream 
boundary are developed; after which it is shown with the 
aid of the reflection method how these limiting conditions 
may be complied with for the case of an airfoil in a pro- 
peller slipstream in horizontal flow as well as for the 
propeller in yaw and with allowance for the slipstream ro- 
tation. In connection herewith, it is shown how the ef- 
fective angle of attack and the circulation distribution 
with due regard to slipstream effect can be predicted and 
what inferences may be drawn therefrom for the distribu- 
tion of lift, drag, and pitching moment across the span. 



I . I1TTR0DUCTI0H 



A considerable portion of the wing and usually also 
of the tail of an airplane are direct^ affected by the 
propeller slipstream. ' The larger the proportion of these 
surfaces and the higher the propeller loading, its coeffi- 
cient of advance and angle-of -attack range, the greater 
the slipstream effect on the airplane. However, this ef- 
fect is not confined to pr.rts within the slipstream but 
to parts outside of it as well, according to recent find- 



* M Tragf lflgol v.nd. Schrauben s t rahl . M Luf tf ahr tf or schung, 
vol. 15, no. 6, June 6, 1938, pp. 303-14. 
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ing$i In the following, the effect of propeller slip- 
stream with consideration to axial supplenentary velocity, 
slipstream rotation, and yaw on an airplane is described. 

II. THE LIMITING COITD I ? IOITS OP THE PROPELLER SLIPSTREAM 
DISTURBED 3Y AIT AIRPLANE WHIG AHD THEIR COMPLIANCE 
1. General Form of Limiting Conditions for the Slipstream* 



Visualize, for the present, the propeller slipstream 
replaced "by a jet with constant jet velocity at infinity 
"behind the propeller, without rotation or with constant 
twist, i.e., the flow to he a potential flow within and 
without the jet. The jet boundary is formed by a vorticity 
layer. Apart from this singular "behavior of the flow at 
the jet boundary, there are other singularities in the 
flowf they are, particularly, the vortices formed by the 
vortex, hand behind the airplane wing. How we shall at- 
tempt to define the flow within and without the jet. Aside 
from the singularities within those regions, the flow is 
determined by the behavior at the jet boundary. 

At the jet boundary, the pressure of the outside flow 
(region I) must for reasons of equilibrium equal the pres- 
sure of the inside flow (region II). Hence the first lim- 
iting c ondi t i on : 

P - p (1) 
I II 

Otherwise, no stationary flow would he possible. The jet 
consists, in addition, always of the same particles of 
air; hence the jet boundary must consist of streamlines* 
The jet interferences are .assumed to be small. Hence the 
jet may, although it is a little deformed, in first ap- 
proximation be looked upon as round. The normal compo- 
nents of the velocities disappear at the jet boundary; 
then the following equations arc applicable (fig. l): 

V. = V r cos V + sin 7-0 

I r I I 

V = V cos y + V„ sin Y = 0 
n II r II Z II 



♦Sections 1 to 3, which are largely contained in Koning 1 s 
report, are repeated here for the sake of clarity. 
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Here Y is the angle of the normal n to the jet 
surface and a plane perpendicular to the propeller slip- 
stream axis z. This yields the second limiting condi- 
tion at : 



V V 

r I = r II 

V V 

zj ZII 



(2) 



2. Restatement of Limiting Conditions 

Lot Vj and Vjj present the mean parallel velocity 

inside and outside of the jet, the deviations therefrom, 

that is, the interference velocities, induced "by the wing, 

for instance, to have the components v , v , v . Accord- 

x y z 

ing to the pressure equation, it is: 



tt + V ) + ▼ * 

• 1 1 z i , 1 1 y i , 



1 1 



1,11 



= c 



I, II 



With p denoting the presstire nt the point of van- 
ishing interference velocity, it is: 



C I,II - p o 



+ 



I ,11 



£ v 2 

2 LI 



If the interference velocities can "be assumed to he 
so small that their squares can "be neglected, the pressure 
equation "becomes 



Pt 



,11 



+ p V 



I , II z I , 1 1 ^1,11 



since 



Vz x,n 



disappears at infinity and p T 



II 



at the hoimdary, v/e have -p = p rt = p . . Owing to the 

I II V 

pressure ©quality at the boundary, it follows that 



V v s V v 
I *1 II 2 II 

fj and Vjj are the mean parallel velocities In di- 
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rection of the propeller force, which in first approxima- 
tion may "be assumed to do coincident with the direction 
of the propeller axis. Let Cpj and qpjj indicate the 

potential of the interference flow* On account of 

0 cp T a co j j 

y - L±. v = =-=- 

21 a z z n a z 

the first Uniting condition then takes the form 

V - Tf 1 

1 ^ n * a 

Since 7 and v j j are constant, the multiplication 
by dz followed by integration affords 



Vjcp., = T :i ; n (3) 



for 



z 



Cp 

1 1 II 



/ o z 



The constant cp(-c~) has the same value in every point of 
the jet "boundary at infinity. For the second limiting 
condition, wo have: 

Y r/houndary = %/k + V r/R = V r/H'» -z/ooundary = V z/H +V z/ 



and 



?z V + v z ? ^ ▼ ^ * 

On account of 



r I , 1 1 9 r 



the second limiting condition reads herewith. 
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7 v LlU (4) 

Putt itlg 

f r| = V X + s' V It fy = S % 

that is, 

S - 1 + s 1 

the two limiting conditions assume the form 

C ?I - S qpj $ (5a) 

3cp T 3 cp TT 

S 1 ±1 (5- D ) 

3 r 3 r 

3. ITtio Conditions Par Downstream from Wing and Propeller 

In order to be able to study the effect of the slip- 
stream on the airplane wing, it is recommended, for the 
sake of simplified conditions, to first define the flow 
far downstream from the wing and propdller with consider- 
ation to tho Hotting conditions. It may "be presumed that 
the disturbances at that distance are of vanishing effect 
on the shape of the slipstream and of the vortex sheet 
induced t>y the wing, hence, specifically assumed that the 
interference component in the direction z disappears. 

Then the potential is: 

3" cp T T T 3 2 cp T T T _ . 

A qp IfIJ - : ' + > -^4 1 = 0 (6) 



3 r 



The disturbances at the jet boundary perpendicular 
to axis z are assumed to be small enough so that the 
slipstream may be figured as not being deformed, i.e., as 
being circular cylindrical. The radius of the circle is 
to be I a 1. In view of the potential reflection on a 
circle, the solution of the problem - to define cp 



I'll 

ompa 

tively simple. The following chapters therefore contain 



s a real part of a function X T j j ( jO ~ is then compara- 



6 
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first the reflection of a vortex, a doublet, and a parallel 
flow on a circle in such a manner that it "becomes the po- 
tential line. 



4. Reflection of Vortex on the Circle* 



Ife analyze the flow Y of a vortex of circulation 

, a 



d r - at & point 
* a 



= x + iy = r^ e la o o\itside of the 
-a a d a o 

unit circle and the flow \ i t of a vortex with the same 
circulation dpi in the reflection point = Xj + Y\ - 

JL = t iZa on the unit circle (fig. 2)- Then 



ra 



Lai 



X 



a 



- 1 



a r o 

2 TT 



- 1 - 



In (z - zj 



In ( z - z i ) 



(7) 



Furthermore, the flow X© induced oy circulation 

z = 0 is 



d T 0 through a, vortex located in 

d r 



Xo 



- 1 



In z 



tfe find, if z passes through .the points of the. unit 
circle: 



r 0 e 



i a 0 



1 1 CLr 

— e c 
r 



z - z = cos a - r 



o cos a 0 + 1 ( s in a - r 0 sin a 0 ); 



z_ - z_j_ 3 cox a 



— cos a 0 + l i s in a ( 



\ 



sin a, 



*In contrast to Eoning's method of presentation, we em- 
ployed the functions of complex variables, "because they 
mahe the resu.lt easier to ohtain. 
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i arc tan 



sin a - r 0 sin a 0 



r 1 o 



i arc tan 



cos 


a - 


r o 


cos 


OOq 


sin- 




1 


s in 




a - 










ro 










1 






cos 


a - 




cos 


a 0 






r o 

















1 + r, 



r Q cos (a - a Q ) 



1 + -~r - 2 cos (a - a 0 ) 



Wit! 



In (_z - z_ n ) = In r 1 + i &TG tan 



s i n a - y , 



COS CL ~ X n 



In (_z - jr*) a In r M + i arc tan 



sin a - y"i 
cos a - 



the potential and strean function of the individual vor- 
tices on the unit circle are: 



d To sin a - y, 
^ arc tan : 



TT 



cos a - X 



q> 4 1 - 



2 TT 



& TT 



g i n a - 



arc tan 



a 



liLal 2 



(3a) 



cos a 
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a 



. i 



^ 0 



A P 

& & In Ll + x « 2 + y « 2 - 2 x n c o s a - 2 y« s in a] 

2 TT P 

LA i • 



- i in — + -l:i(l4-x 3 +y 2 - 2 x«cos a - 2 y. sin a) 

p _ I r n 2 



>(8h 



= 0 



If r is the amount of any point _z, then 



6 cp 
9 r 



On the unit circle, r = R = 1 , hence the normal 



TOO, 

eorrponeiats of the velocity at that point read 



3 n 



c cp . 
r i_ 

o n 



9 n 



w 1 1 n 



d V 



'-a 



sin a *• y fi cos a 



2 77 1 + * ^a 8 - 2 x a cos a 



y n sin a 



x sin a - y^ cos a 



V . .(9) 



^ tt 1 * x * * y 



§ X cos a - 2 sin a 



O 00 



a cp 



The normal components of 



on or 
identically great equivalent vortices in reflected points 
are identically great and in identical direction on the 
reflection circle. Tor 



ice i(a 0 + P) 
z = e = e 



it further affords v/ith d T a = d Fj «■ t T 
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d r 

Xa + Xi' = - i U tz - (z. - zj) 



dT 
i — In 
2tt 



i(2a 0 -2P)_ / L 
? ot *o 



i (2a 0 +p) _ i 2a r 



+ c 



.dT, fi 2a 0 /i 20 / 1 \ 18 

1 In e 0 (0 r - ( t . + — 1 e + 1 

2 tt I H V ° r o / 

d r f 

In) (cos 2 a + i sin 2 a 0 ) 



i In 

2 TT [ 



(• 



cos 2 p ■+■ i sin 8 P - f r Q + — )(cos p + i sin p) + 1 



0 



which, however, "because cos 2 P+ 1=2 cos p and 
sin 2P = 2 sin P cos P, changes to 



*a + V ^ ~ 1 



a r 



6 TT 



2 sin p cos p - f r 0 + — )sinp 



i arc tan 



2/1 

2 cos p - fr 0 + — ) cos P 



This gives for the potential 



i d F 

'n + ( ^i = o 



TT 



sin p j 2 cos p-(r 0 + — 



2 cc n + arc tan 



cos p| 2 cos p - f r Q + 

r o ' J 



d r 

2 TT I 



2 a 0 + arc tan tan P 



— (2a 0 + P) = —(2 a 0 + a . - a 0 ) 
2tt 2tt 



and 



co a + cp. t = h_ ( a + a 0 ) 



2 TT 



(10) 
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Hence o n + ep^ 1 = o 0 up to one constant. When reflecting 

a vortex on a circle through an identically great and equiv- 
alent vortex, the potential cp a + $| 1 + Cp 0 on the circle, 
in whose center an identically great contrary vortex d T 0 = 
-d r± - Try is placed, "becomes constant, that is, the 
reflecting circle "becomes a potential line* As reflection 
of a vortex on the outside a vortex in the reflection point 
and in the center and vice versa must "be considered. In 
other words* if Xj_ is to "be the reflection of flow X a , 
then Xi must he 

X^ = 1 + X 0 

~ erce 

9 0 + qpj = const. 

3 n 9 n 



5. Reflection of Vortex Doublet on a Circle* 

The vortex "band in the wake of a wing can also he 
visualized as beilag due to a doublet. The density 

d X 

of this superposed doublet is equal to the circula- 

d s 

tion r existing in the accompanying part of the w inga 
We shall analyze the reflection of a doublet on the circle 
for which the normal components of the velocity of the in- 
side and outside doublet on the reflecting circle become 
equal and the potential is constant, as in the case of the 
single vortex. 

Since the vortices forming the doublet are identically 
great and contrary, the reflection of a doublet located 
at finity requires no additional doublet ♦ The outer doub- 
let is to have the moment d 7\„ and an axial direction 
differing from axis y by an angle uJ a , and located at 



♦The reflection of the doublets practiced here, is not con- 
tained in Koning *s report. But it proves itself advantage- 
ous and indicates the way to the -propeller setting not 
treated by Koning, as shown in fig. 6. 
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1 a r 



(fig. 3). The inner doublet is to have 
the moment & \* and an axial direction differing by 
angle cj ^ from the axis y, and located in the reflec- 



tion point to z nt that is, at jz. 



1 o i a ( 



The unit 



circle again serves as reflection circle. The flow poten- 
tials of "both vortices on the unit circle are: 



X. - - i d X 



iuu 



a 



a 



1 ~ Aa 



= - i d A e 

a 



1UJ, 



; i(a 0 + p) „ r c i co 0 



= - i d K« 



i(uj -a 0 ) 1 



Xi - - i d A i e 



1UH 



- - i d A, e lw i 



i(a 0 + p) 



1. e 1 a < 



i d A: 



i (tU|«tr Q ) 



r 



. (id 



•The potentials therefore are J 



cp n = + d X. 



c o I 



— sin 



r 0 « + l 



+ sin (<JJ a - a 0 ) 



2 r n cos p 
o 



cos P - r 



+ 1 - 2 r fl cos P J 



qp 4 



♦ d A.. 



cos 



- sin p 



1 + 1 - 2 i- cos 3 

r 2 r ^ 

r 0 o 



+ sin (u)j - a 0 ) 



cos p - 

r o 



+ 1 



r o 



cos P 
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To insure Cp a % cp£ = const. on the unit circle, it 



s necessary to writ* 



d A, = - a % M 

1 c 



H ; K - <0 ■ - («> a - a 0 ) 



(is) 



C$i - oc 0 = #i and uu a - a 0 = arG ^ nc attglea between the 

axes of the double vortices .and the perpendiculars to the 
radii toward the doublets (fig* 4). The result is 

- sin p 



f * * d a. 



c o s d* 



L 



+ 1 - 2 r Q cos p 



+ sin d. 



cos p - r , 



cpi - - d ^a 



COS d n 



r 0 2 + 1 - 2 r 0 cos p 

^ ~ Bin p 

■ 0 2 +1-2 r 0 cos 3 

1 



7* ' 



cos 6 - 



- sin d 



a 2 
r o 



1 - 2 r o c o s | 



and consequently : 



X. 



,in i 



a 



! o n s t . 



(13) 



(14) 



Thus cp, = - cp-i on the unit circle up to the con- 
a 1 * 

stant at the right. The strear. function on the unit cir- 



cle is 



*a = M d A a [-in *a 



sin p 



A o 



+ cos d , 



4-l-2r 0 cos(3 

cos 6 ~ r 0 
r Q s + 1 - 2 r 0 cos $ _ 

r sin | 

\j/4 s + & - sin -3 

a L r 0 2 + 1 - 2 r 0 cos p 



>• ■ -(15) 



4- COS # , 



x 0 



cos p - -jr 



+ 1 - 2 r r cos p 
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and, after subtraction: 



Ik, - V|fi = + d X. 005 = const. (16) 

a * ct -y-» 



and as far as the constant # = ty* on the right* Be- 
3 cp 3 \J/ 

cause = , we have on the unit circle, with n 

3 ! r 6 a 
indicating the direction of the normals: 

ft- = — (17a) 

r 3 a r 3 a 

8 co a 3 cpi 



3 n 3 n 



(1713) 



Equation (17a) follows iron equation (16) , (17b) fron 
(17a). In contrast, equation (14) gives the resultant of 
the interference velocity, "because 

3^7 ((fa + 9i) = v n 
If the doublet distribution extends over an element d z 

a 

starting from z_„ and the axis perpendicular to it, the 

reflected doublet is distributed over an element d z_i . 

Suppose ds and dgf, that is, dz n = ds„ and 
i - a - 1 - a ^ 

d_z i = dS| are the lengths of these elements. Then the 
moments of the vortex distributions are d A a = T a ds a 
.and d A i = r |4»j » and 



I^dsi = - ^ r a ds A (18) 

X JL » s a cA 

1 0 

according to equation (12). But with zi = tSr = ~, it 



1 s 



dx 2 x., /d y a 2 y 
- » d r 0 + i i gp - r 



and 
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1,2 »\ A , 2 2v , 

t (dx a + ) + (x a + y a > (1 r 

0 



1 2 4 2 4 2 

— 4 s a + — - d r Q - — ; d r o 



1 a 



Hence 



and equation (18) beconei 



(19) 



6. Reflection of Parallel Flow on a Circle 

If the direction of the slipstrean does not coincide 
with the direction of flight , the velocity of the outside 
flow has a component transverse to the slipstream. If thi 
is snail, the as sur.pt ions for the derivation of the limit* 
ing conditions are applicable. Suppose the parallel flow 
on the outside is: 



Then, putting 



cp 



5L 



s 9 



1 v* 



(20) 



the y axis is opposite to the 



transverse flow component , and 



% ■ - -V y 



V. 



The reflection is, as is known, a double 
vortex source with axes direction parallel to the trans- 
verse flow direction if the circle is to he a potential 
line. The complex potential for it reads 



(21) 



With x = r cos a and y = r sin a and z = r e la , 
we have 
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9 a = " v y 


r sir 


I a 


** 


= Vy r c o s a 






sin a 




cos a 

- V 


> • • ■ • (22) 


r 




y r 




He ii co the conbined 


flow 


on th 


0 unit circle ( r 


■ 1) be- 


c ome s : 
















+ P.| 


= 0 * 


I 

I 


(23) 




*a 


- »| 


■ 0 






Fron equations (32) 


and 


(2S) 


follows : 




9 n 


3 
8 


n 


- V 

7 




(24) 


a r c s U 1 1 v;h i c h can 


equally be 


dbtnined direct . 




7. The Supplement a 


ry Plow Cr 


e a t e 


d "by the Coordination 



Of Vortices or Doublets with the Slipstream* 



Suppose that cp a is the potential of the initial 

a 

interference flow, caused by the single or double vortices 
located outside of the slipstream, and cp g that caused 

by those located on the inside. As the limiting conditions 
cannot he satisfied with these potentials, the existing 
singularities are for the present reflected on the assumed- 
ly circular jet boundary.* The potentials created by the 
reflections are cp^ and cp-^ . Then, if the circle 

is posed as potential line, it is on the circle up to con- 
stants 



♦The treatment of the combined flow quotas here is some- 
what more general than Eoning f s which seemed advisable on 
account of the dissimilarity of the vertex doublets and 
the parallel flow introduced as elements of disturbance 
aside from the single vortices. 
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She ultimate solution j 
tion is written in tho forn 



S A i S A a 




3 n 3 n 








3 cp-o 3 cp-o 
i ' ~a 


f * ' 


3 n 3 n 








atisfying the li: 


siting 



(25) 



cp. 



cp 



AI 



+ <P- 



( out side) 



eplj 33 ^AII + ^311 (insi&o) 



(26) 



whereby the sunnands on tho right-hand side require further 
treatment. The physically proven fact of the Uniting 
conditions indicates that only the singularities contained 
in cp a are present. In consequence, 9t is "built up 

a " 
only f rpn the potentials of the outside singularities, 
their reflections, the inside singularities and certain 
terr.is necessary to satisfy the limiting conditions. The 
reflections of the inside singularities are disregarded. 
The supplementary torr.s can only "be proportions of the al- 
ready existing potential, and specifically, they can only 
be formed with the singularities located on the inside, 
"because the potential is definitely prescribed to one part 
through the externally existing singularities. For the 
inside flow the corresponding considerations are applica- 
ble. With n 



cp 



AI 



<PAII 



bine e 



= cp 



Aa 



as proportional factor, we write: 



- 1 B i •»- i 



> ( 37 ) 



An ' A r 



and cp 3 < 



cp BII = cp 3 . + n Ba «¥> Sfi 
arc unrelated, the limiting 



conditions nust be satisfied for every part <¥>^ and 

Equations (5a) and (5b) therefore split into four equa- 
tions: 



cp 



A I 



= S cp 



All ' 



*31 = S?? 3II 



9 C ?AI s 8 ^AII 
3 n 3 n 



3 cp^ • 
3 n 



3 cpsu 



a n 
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With equations (25) and (27), it then affords 

1 - n n S(l + n, )i 1 + p = S(l - a. ) 

i a °i - 3 a 

S(l + : U .) = (1 + n Aa ); S(l + n B .) . (1 + afj 



solution c ;-ivc 



(s - 1) 

S 2 + 1 



S* + 1 



n 3 .: 



S S - 1 

S 2 + 1 



(s - iy 

S 2 + 1 



As sv:r. in^j now that s' is so snail that squared terns 
and terns of higher order can "be neglected, it is 



(S - I) 2 



~ 0 



S" + 1 a 2 + 2 s' + s' 2 ~ 2(1 + s') 



(S - 1) 



~ 0 



S d - 1 ~ 2 s ' + s 1 3 ~ 2 s ' 



S 2 - 1 



t2 ± 



+ 1 

The factors of the supplementary potential finally are 



n A = 0 ; 



n-rt - 



a t 



= 0 



(28) 



and the solution satisfying the Uniting conditions reads: 



<PlI " <?A a + + s» cp^ 



(29) 



J 
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8. Reliability and Practicability of 

Introducing (Vortex) Doublets* 

Although this reflection of doublets nay seen at 
first to "be something superfluous, it is found that it 
in fact clarifies the detcrnination of the supplementary 
flow due to the interaction of wins and propeller slip- 
stream. The outline of a wing with dihedral on the cir- 
cular boundary of a propeller slipstream is illustrated 
in figure 5. Let the 'lift distribution be elliptic. 

The the flow outside the slipstream is presented: 

1) By the flow A a , i.e., the distribution of doub- 

lets outside the propeller slipstream corre- 
sponding to the circulation distribution T 0 
(f i£. 5 , A a ) ; 

2) iy the flow f i.e., the distribution of the 

doublets inside the propeller slipstream cor- 
responding; to T 0 (fig* 5 1 Bj[)| 

3) Bf the flow A ± , i * e • * the s 1 times reflection 

of the external distribution of doublets on 
the circular boundary of the propeller slip- 
stream (fig* 5, Ai). 

The flow on the inside of the propeller slipstream 
is presented: 

1) 3y the flow A , 1*0* » the distribution of doublets 

outside the slipstream corresponding to P 0 
(f ir. 5, A a ) 5 

2) 3y the flow 3j , i.e., the distribution of the 

doublets inside the slipstream corresponding 
to T 0 (f igg 5, 3 ± ) ; 

3) By the flow 3 a , i.e., the s ! times reflection 

of the inner distribution of doublets inside the 
slipstream (fi^;:. 5, l a ) • 



*KbnizLSi omitting the concept of doublets found it diffi- 
cult to satisfy the boundary conditions for the airfoil 
spanning the jet, and was compelled to treat it differently 



/ 
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Since the circulation distribution affords the vortex 
distribution of the vertex sheet in the wake of the wing 
by differentiation, the vortex distributions corresponding 
to the enumerated proportions of the flow may also be pre- 
sented. The presented distributions of doublets of these 
proportions all terminate, however, at the slipstream 
boundary with a finite value T Q and ±s T Q , respective- 
ly. To these finite values of the distribution of doublets 
correspond one isolated vortex ±T 0 and ± s J7 , each, re- 
spectively, of the vortex distributions. The vortex distri- 
butions correspond to the enumerated flow proportions are 
illustrated in figure 6. 

For qualitative studies of the combined action of a 
ring and a propeller slipstream, it obviously suffices to 
disregard the span effects, the chord distribution, and 
the twist, leaving a non- twisted wing of constant chord and 
infinite span in the propeller slipstream* In the absence 
of slipstream the spanwise circulation distribution of this 
wing would be constant. The corresponding distribution 
of doublets with slipstream are shown in figure 7. The 
resultant vortex distribution is contained in figure 8. 
It consists of one single vortex each at the point of pene- 
tration of wing into the slipstream. 

This result could net have been obtained directly 
when proceeding from the vortex distribution corresponding 
to the circulation distribution without slipstream. Only 
by visualizing the lift distribution at the point of pene- 
tration of the icings with the slipstream interrupted for 
a very small piece can the above result be obtained in 
correspondence xvith the single vortices, which then would 
have to be visualized as shedding inside and outside from 
the point of interruption. Since they have opposite sense 
of rotation inside and outside, possess finite strength, 
and are closely adjacent, they would cancel in the absence 
of slipstream, hence it is admissible to visualize the 
v/ing as being interrupted at the place of penetration. 
But , that this must be done in order to be able to satisfy 
the limiting conditions with the help of the reflection 
method, is only ascertainable in the roundabout way of the 
distribution of doublets. 
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9 . Yawed Slips tr can* 



A slipstrean in yaw undergoes a change in direction. 
The original 
propeller axi 
The potential 
rivin g o "b 1 i qu 
■cp . , the v c 1 



A 



direction, substantially coincident v/ith the 
s | is termed the virtual slipstrean direction, 

of the interference share, of the flow ar- 
ely at the virtual slipstrean direction is 
ocity component parallel to the virtual slip- 



a 



stream direction is 



This notation 



is legitimate 



and indicate s 
seen shortly, 
direction Of 



j . uv/ wo* M ^.V'U v J 

the velocity introduced elsewhere; for, as 
the virtual jet direct ion coincides with the 
the propeller force. 



Locating the coordinate systen in the plane perpendic- 
ular to the virtual slipstrean direction as "before, the 
potential of the external initial interference flow is 

CDr = - v y = - v„ r sin a 

A a } T virt ^virt 

The pertinent potential of the reflection is 



v v . , sin a 
j vi rt 



:To other singularities being present, equations (39) 



read : 
<Pj * ?jl - ^A 



sin a 



= - v 



^virt 



r s l n a - s 1 v v 



'vir t 



Q t 



-( 1 



1 + 



vir t 



f ^30) 



cp 



II 



virt 



♦The analysis of Xenix's limiting conditions sunmarily 
discloses that the supplement ary flow due t a yawed slip- 
strean Imbedded in the outside flow nust he as if the slip- 
strean were frozen in a solid cylinder. Because this flow 
satisfies .summarily the continuity equation (2) and the 
conditions equations (l) and (3), respectively. But, sus- 
pecting difficulties with the effect of the 
the derivation was here carried out exactly 
with, the general results. 



yawed flow, 
, in conformity 
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How, some predictions can "be made regarding the proc- 
esses within and without the slipstream. The axial veloc- 



II 



It 



par- 



ity within the virtual propeller slipstream is 

is superposed "by the interference velocity v v . 

* v 1 r t 

pendicular to it, as a result of the potential ^Ptt (fig* 

9), Both velocities, vect oriaUy added, give the result- 
ant velocity v and with it the actual direction of 
—res 

the propeller slipstream. 



If 

respect to 



-zus 



is the change in flying speed v 0 with 



-res ■ 



that is, if 



Xrej 



= v n - V 



zus 



it is seen that the direction of the propeller force must 
fall in the direction of JUus 1 "because, according to the 
momentum theory, the acting force is proportional, to the 
change in speed. Since Xzus * s parallel to the virtual 
jet direction, the direction of the propeller force coin- 
cides with the virtual propeller slipstream direction. If 
the direction of the propeller force, that is, in first 
approximation, the propeller axis, forms the angle v 
with the flight direction, then 



«V vi r t 0 

If v is small, then v res *• v Q + v Z us' Thc actual 
jet slopes at ccj_ = v - v ] toward trie flight direction, 

Since 



V = 



J v i r t 



v 



y vi r t 



v o + v zus 



we have 



OH 



Str 



^ virt 



v i r t 



V n + V 



zus 



yvirt 



zus 



v 0 (v 0 + v zus ) 



Then , however , 



md 



—zus — il —I —I —I —I — 



v 



zus 
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Vffth Vj = v 0 cos v and s = s ! cos p the actual 

direction of the propeller slipstream then slopes at an- 
gle 

S V Q 

a± c , = v -si; (31) 

1 Str v 0 + s v 0 

toward the direction of flight • This result holds far be- 
hind wing and propeller for a. particle lying on the inside 
of the jet. Outside of the jet, the velocity 

( 1 + — ^ ^Vy,„ irt is superposed hocause Cp j is perpendic- 
ular to Yj. Then, according to figure 10: 

s 1 \ 
(L + v v 



virt 

tan ( -ai_ + v ) = 

?! 

If the angles are small, v/o have 

-a* +13 =11 + — • 

and 

v ^virt £- ; 8 \ V ^virt s 

- &i = + ( 1 + ~ J = — v 

v 0 v r 2 / v 0 

?or the slope of the particles in the outside zone 
toward the flight direction, it gives 



a. = - JL v (32) 

a r 3 



the propeller radius serving as length unit. 
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10. Effect of Jet Rotation* 

It is assumed that the axial supplementary velocities 
in the jet arc accompanied by a constant tv/ist 

r v u = const 

Let V u =0 on the outside. Then the pressure condition 
is summarily complied' with, "because the pressure in the 
jet regulates itself accordingly. Since the radial com- 
ponents disappear on the inside as on the boundary and the 
outside flow itself is without radial components, the sec- 
ond limiting condition is also satisfied. The jet rota- 
tion has therefore no effect on the behavior at the jet 
"boundary, This compliance with the limiting conditions 
can be proved equally well with equation (29). For the 
case in point, it is: 



According to the assumptions cp j must be zero or 
constant. Since r v u is to "be constant, it must be 



(33) 



O CO 



= const on the inside. As the jet boundary repre- 



sents a surface of discontinuity, epg contains a compo- 
nent due to the potential of a vortex distribution. The 
vortices are uniformly distributed over the jet boundary 
With constant vortex density 

P 1 = « If r 1 do" is the circulation of a single vortex 
el a 

distributed over the circumferential element d(J, the com- 
plex potential of the total vortex distribution reads: 



♦Concerning the jet rotation, it is also obvious that it 
does not disturb the limiting conditions, hence has no 
supplementary flows. The slipstream rotation is treated 
as rotation with constant twist, which corresponds more 
closely to the behavior of the propellers than Koningis 
rotation with constant angular velocity. But in view of 
originally suspected difficulties with jet rotation also, 
the discussed results were again used for an exact anal- 
ysis of the effect of slipstream rotation. 
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X (z) = - i -Hi p In (_z - I) a'tf 
2 Tr 



whore _z is the starting point and Z the current point 
along the circle. 'tilth Z = R o ia and do* = Ida, we 

have do" = -il — and consequently 
Z 



X 



U) 



H 

2rr 



a / ln(z - z) 



dz 



loth cases 



it is 



< 



Z | are analyzed, 



If 




> 


1 











2 TT L V _z / z z j 



The first integral disappears, as can he proved "by 
series expansion, leaving 



X ( Mm) = ~ H * 3 'T-i-ln _z 



<dTr 



But, since F = 2 1 tt T ! represents the total cir~ 
culat ion, it is: 



X U a ) = 



- 1 



r 

2 TT 



In z 



On the outside, the vortex distribution therefore 
acts like a vortex placed in the origin and whose circu- 
lation is equal to the total circulation of the vortex 

d i s t r i out i on • As ep-p is to disappear outside the cir- 

' **$ 

cle, this may he achieved a & t h an oppositely rotating 
vortex of the same circulation strength placed in the ori- 
gin. Of course, it then remains to "be proved whether this 
assumption corresponds to the conditions stipulated on the 
inside. If | _z j> j Zj, then 

/ v r 1 r . / § \ dz A dz . £ dz 1 

X ( zi) 1 i fin 1 rC — + p ln z + tt i p — ! 

2tt : V Z / Z Z Z J 



3?ho first integral disappears, leaving 
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X ( ) = - — -R j 2tt i ln-.R. - 2tt 2 + tt i 2tt i 



2n I 



T- i - — In H 

2tt 



On the inside the potential of the vortex distribu- 
tion is constant , thus contributing nothing to the veloc- 
ity, For the vortex placed In the origin, it is: 



X 0 = + i 



2 IT 



In 



none o 



. ax Q - . . r i . r , % . y 

a s J[ • i T « 1 = i ( i — 

d_z 2 tt _z 2 tt \ r 2 r 2 

with r 2 = x 2 4- y 2 . As a result we have 



u cs __r r 2_ 

2 it r 2 ' 2 tt r 2 

and 



* i 

w ~ — 

2 it r 

How it shall be proved that w is the amount of the 
circumferential velocity v u . From X 0 follows 

r i. d r P d op r,t 'J, 

cp - - a ; hence v^ = = — = - — . This 

2 it 3 s r 3 a 2 tt r 

would satisfy the condition r v u b const; it is satis- 
fied through the potential of the vortex distribution and 
the oppositely rotating vortex. There remains to be shown 

that Cpj on the inside is constant or disappears. cp;g 
a a 

is the potential of the reflected singularities located 
on the inside. The reflection of the single vortex shifts 
to infinity, its potential assumes a constant value at 
finity, hence does not contribute to the velocity inside 
of the circle. The reflection of the vortex distribution 
is the vortex distribution itself, which on the inside has 
no effect on the velocity. The velocity on the inside is 
therefore simply caused by the single vortex. In view of 
the physically cited fact of vortex distribution, there is 
no velocity at the boundary on the outside. 7/ith it, how- 
ever, the conditions are the same as assumed at the begin- 
ning of the section. 



26 1T.A.C.A. Technical Memorandum No, 920 

EI, DISTRIBUTION 0? LIFT, DRAG- , AITD PITCHING MOMENT 
OVER THE SPAN UNDER THE EFFECT OF PROPELLER SLIPSTREAM 
1. Effective Angle of Attack 



Since cvetfy airfoil section gives a zero lift at a 
certain direction of air flow, the angle of attack is to 
"be measured at this lift-free flow direction* But, since 
on a wing of finite span, the shedding vortex hand, create; 
interference velocities perpendicular to the direction of 
flow, the effective flow direction does not coincide with 
the direction of flight. The slipstream effect also pro- 
duces a change in air-flow velocity. If a is the angle 
of attack with respect to the flight direction and d± , 
its change due to interferences, the effective angle cf 
attack (fig. 11) is: 



(34) 



In the chosen coordinate system, axis x is opposite 

to the flight direction, axis y falls in the lateral 

axis, and axis z is at right angles to "both downward. 

For the sake of clarity the torn v n replaces now the 

^virt 

transverse flow component v v • ^ > so that the q axis 

virt 

lies in the plane of the virtual jet direction and the di- 
rection x. 

With v x as the axial component of the supplement ary 

velocity due to the effect of the propeller on the wing, 

and Y„ as the total vertical component of the sup- 

z total 

plementary velocity due to the effect of wing and slip- 
st re am , w e ha v e : 

v r 



tan cc-l 



z total 



If v,„ and v„ are small relative to the flight 

z total 

speed v Q f it is: 

Vz total 1 Vz total Vz total v x 



a i 



v o 3 + Z* v ° v ° V( 



and 
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a = ****** fa (35) 

The problem now is to define w and , , . ?or 

1 x z total 

v x the assumptions employed for slipstream in yaw may he 
resorted to, Per the inside of the slipstream far down- 
stream from the propeller, we find, according to figure 
12 : 

v Xi = v zus cos V 



or, with 



v zus = s v o • s = s 1 cos v 



-i 

and for small v > 



v o 



At shorter distance from the propeller, the supple- 
mentary velocity is smaller. Hence we write 



x i v ^i 



* o 



(37) 



Quantity s follows from the coefficient of thrust 
loading c s 



S /T+ c s - i 



Co = 



p TT J) 

O V 3 



n 2 



Outside of the slipstream in the remote wake of the 
propeller it is, according to figure 13: 

s I g t 

v x = v q • , — sin p = ~ v 0 sin 2 x> 

For small angles p , v x m & i hence negligible. At 

a 

shorter distance from the propeller, however, its effect 
induces further axial velocities (reference 2) which must 
"be written: 



2 8 
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Hcnco equation (37) is extended in tho form of 




(38) 



to Include the total flow region; if x Is taken from fig- 
ure 14. 

The contributions to the vertical component v z tota x 
come from 

1. Tho vertical component v i; existing as a result 
of the yaw at angle v • According to figures 12 and 13, 
it is: 

a v zus sin V = 

T ^a = - fj V ^virt 

which, written in tho form 

v Zj - v 0 su^ (39) 

give \Jf p j = 1 and \[^ a s E = 1 being the slip- 

stream radius, For small values u, the distance p 
from the propeller axis nay be used instead of the distance 
r of an outside particle cf the slipstream center. 

Having defined the t component of the velocity due 
to yaw, it may he assumed in the following on account of 
the assumed smallness of <Xj . that the slipstream is 

coincident with the x direction. Then: s = s ! . 

2. The vertical component of the radial velocity due 
to the slipstream. If R is the jet radius and r the 
distance of a particle from tho jet axi s and propeller axis, 
respectively, the radial velocity is (fig. 14) 



v 0 s v 



cos v - - JL v 0 sin v - - v 0 s V — 



E 

v r = 7 s v o ^r 
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its vertical component (fig. 15) is: 

v = s v 0 ^*^ r (40) 
li r 8 

\[/ p is taken from figure 14. 

3. The vertical component of the circumferential ve- 
locity v u due to the slipstream. The circumferential 
velocity caused "by a vortex located on the jet axis has 

r m 1 

the value v,, = - — — if IV, is the mean slipstream 
u 2 tt r D 

twist* Its vertical component is v Z j T j = v u <— ( £ i g • 16). 
In accord with propeller theory, it is: 



v . 



X R 



s v 0 n r 

whence the vert ical component of the circumferential ve- 
locity reads 

v zm = s v ° Iff = 3 v ° *u 

v/her eby , 

X y 

\j/ = 0(r > l) and \Jr- _ = (r < R) respectively 

u n r 

( ? N = coefficient of advance, rj s propeller efficiency). 

4. The vertical component of the velocity due to the 
presence of singularities inside and outside the jet. It 
consists of 

a) The indiced velocity v = va (? n ) of the cir- 

z I V * o u 

culation distribution unaffected by the slip- 
stream. The a::os of the vortices emanating from 
the wing may be dealt with as falling in the 
x direction. 

"b) Tire vertical component of an additional flow ne- 
cessary for compliance with the limiting con- 
dition, because a) alone does not Satisfy the 
limiting conditions. For a) and b) together 
the eouations 
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arc applicable* 



Since c;;^ and q>g arc employed for a) , there 
remain for b) : 



■ zus x 



11 ZUS ■*>£ 



> (42) 



The corresponding vertical components of the supple- 
mentary flow can he written in the form v 2 = s (T 0 ) < 

Through the vertical components defined in 1, 2, 3, 
4 Id), the downwash conditions have changed in relation to 
the flow undisturbed by the slipstream. This change calls 
for a new circulation d i s t r ibut i or: • Since the velocities 
creating the new circulation distribution can be written 
in the form s v„ , the total circulation can he expressed 



z 

with 



r 0 -!- pp x 



This supplementary circulation s Pi induces in turn a 
downwash velocity. Hence, as added vertical component: 

5. The supplementary induced velocity 

due to the supplementary circulation d i s t r i "but i on . 

But then, compliance with the limit in,.: conditions 
would necessitate the reflection of s T x « According to 
equations (42), the new supplementary potentials would 
now have the factor s 2 , which, however, in accord with 
the assumed smallness of s, nay be neglected. The anal- 
ysis can therefore "be broken off with svi 0 (r 1; ). For, on 
assuming that through the supplement ary velocities and the 
thereby necessary reflections, the total circulation is 
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r = r 0 + s r x * s 2 r 2 + s 3 r 3 + 

we find for 

I -ivj <| R»| Cm- 1.2, n) 

• i i i 

v/ i t h 

r* = r 0 ( i + s + s 2 + ) = r 



0 1 - s 

i.e., a circulation greater than the total circulation F . 
The difference "between r* and T 0 + s T x is then ap- 
proximately 

r* - (r 0 + srj - r* - (r 0 + sr 0 ) = r 0 j— ^- - d + r) j 



H 3 

I"' 



° 1 - S 

.The omission caused "by the interruption of the series 
is of the order of magnitude of s 2 T Q • 

Then the sum of all vertical components gives: 

^totai n 0 (r 0 ) rTi*<r d > n 0 (r x ) 

is + s + 



v o v o I Y o v o 



z H i ! 



v„ v 



v o v o 
According to equation (35) we have 



a 



V ztotal 



1 



(1 - s *) 



and, when disregarding the terms of higher order: 

v z v 7 v^ v,, ; v„ 7 * x 
z o z i i ^ o z o / z i . z o\ 
a . = + . s s 9 ■ = + S • v x ) 

1 v o v o m Tq v o V v o v c / 

which, with the ascertained values, gives: 



32 £•>; 



II.A.C.A. Technical Memorandum &©• 920 



a i = - 



L 



— + v V 



v o 



(43) 



2. 'The Supplementary Circulation 

The circulation developed under the effect of the 
Slipstream is, according to the foregoing, 

i « I, 0 t I 1 J 

Here T 0 Is the circulation existing without slip- 
stream effect, but with the same degree of flew turbulence 
as if the slipstream were present. AT s S fi is the sup- 
plementary circulation due to the effect of the slipstream. 
The solution of P 0 is known from airfoil theory and fol- 
lows from 

/ V| ( r 0 ) \ 

r 0 a TT W M t red | a 2 j 



w i t h 



d c a /d o^ GO 



'rod 



2 TT 



The total circulation is: 

? * iT ' b red (v o + v x^ a - H) = n 
Hence : 

"p "P 
1 1 o 



s r 4 



" 0 (l + 8 V x ) (a - a i ) 



r (1 + s^x) (a - ai) 



TT V 



o 0 re; 



Tr v o *red 17 Y o trod 
and, oy omission of the terns of higher order: 

r 



s i 



= } a - 



v in (r 0 ) - _r v ii^ 0 ) | yj 0 (r 1 ) 



17 v o ^red 77 v o '''rod 



+ u ii + 



V 1 



v o 



- s 



TT V 0 t rod 
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v/hich loaves, as supplement ary circulation 



r 



i 



+ ; — Wx - 



17 v o t rocl v v o 1T v o fc red 



j (r a ) 3 I y R 



y V _ _ Vr _ ^ 

In this manner the determination of the circulation 
reduces to the circulation distribution of a wing of equal 
chord distribution ^ re d a S oomc ' tr i cal angle- of at- 

tack distribution 

a = + ) * x 

\ v o 77 v o ^red/ 



'ii ( P o) , z E . y B , 



T 2 x» 2 

0 



= a v x v v v 

v o 

in homogeneous flow velocity v 0 . 

Since the individual flow c on t r i out i on s are linearly 
suporpo sable , F x , itself can he obtained hy linear super- 
position of the contributions to F* due to individual 
flow contributions. Thus the prediction of P* and of the 
individual parts reduces to the v/ell-known problem of air- 
foil theory! for the solution of v/hich practical calculat- 
ing methods have been developed but v/hich need not be dis- 
cussed here.* 

♦Although the problem of slipstream effect on an airplane 
wing has been successfully reduced to the v/ell-known prob- 
lem of circulation a.bout a wing in homogeneous flow, it 
still appears advisable to try this method on a number of 
illustrated examples, but for which we lacked the necessary 
time. During the preparations for these examples, it was 
found that the substantial effects can even be studied on 
the example of a wing of constant chord and infinite span, 
Koning himself reports some results for this case. Ve suc- 
ceeded in presenting some of these results in closed form 
and subsequent studies are to be extended to include calcu- 
lation of downwash and behavior of the control surfaces. 



34 1T.A.C.A. Technical Memorandum No. 920 

3. The Supplementary Lift Distribution 
The lift proportion of a iri&g element is: 
d A = p r Vco dy 
where 7 a is the flow velocity 

ifith r = r 0 + s r lf it then affords 

d A = p(r 0 +sl\) v 0 (l + s fx) dy 
or, neglecting terns of higher order: 

a a * ip r 0 v 0 + s P v 0 (r x * ^ r 0 )] dy 

Since the lift without slipstream effect is given "b 

d A o = P r o v o *fr 

the change in lift distribution due to slipstream effect 
i s 

d a - d a 0 = d a a = s p v^r^ r 0 ) dy 

Putting d A A = s d A* i wo have: 

d A x a p T 0 lfi T 0 + I\)dy (45 
The proportionate change of lift is given through 

Cl A A d A 

dy dv nc o i , 1 i 

=: War # 



A 0 ~ ^O 



iv 



4* The Supplementary Drag Distribution 
The drag of an element of a wing is 



d ¥ * p T <M vo, dy + ^ v* t dy c 
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tfith 
v 

i v or 



a a v r 



' v io (r o ) 



z total /' , „ \ _ „ m Tr 

+ s J — + — o L_ + v y + $ + iL Vu I 

L v 0 v 0 r 3 r 2 



if affords 



«: » = p(r 0 + ».rj 



1 0 0 



L v 0 



s< — + + u vy. 



y 1 1 1 



vkr + ^x) | v o d " + § (v o + v : ,)~t dy c w 



or, neglecting terms of higher order: 



a w = j n r 0 v 0 



o v o 



\r 2 t dy c w 



P 



J 



+ s p r 



+ r 0 i i * * 



V r 



y R ^ 



0 V X 



t c, 



*p 



ay 



As the drag of the wing without slipstream effect 
would "be given "by: 

d tf 0 = p T 0 v iQ (r 0 ) dy + | v Q 2 t dy fe« 
the supplementary drag amounts to 

f T 1 ^i 0 ( r o) vi (r c ) 

d tf - d tf 0 . d A V - sj P r o v 0 dy { —2 + 1 
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Putt ing 

d A W = ft A + d A V/ p = s d V/ 1 

v/here the subscripts i and p present the induced and 
the profile drag, respectively, we have: 

r r x vi 0 (r 0 ) vj.Cro) vi^r,) 
d = p r 0 v Q dy = + + 

L 0 v o v o v o 



z R z E 

+ v % + — x|/ r + — - ^ u 



* p v 0 2 * t c dy (46) 



and for the proportionate change in induced drag 
d d 

dy 1 dy 1 v o 



*£-n 6 ~~*i 0 Vi ° (ro) 

dy lo dy 



r i v i 0 (r o) ▼i»<r 0 ) n 0 (ri) , % a , y a 
I -i — ° + 4- — s + v + -rr ^r + 7T Vu 



v i 1 (r o ) + v c / , z E . y S , \ , r x 



0 



t, (r 0 ) -i 0 (r 0 )v^ ^ r 2 V r* *v r 

0 u 

The proportionate change in profile drag is 

jL a \-j JL tf 
dy a 'P dy "Pi 
* . 2 y x 

dy J - 0 dy -^o 

The change in drag accordingly consists of three con- 
tributions the causes of which are: 

1. The increment s V Q of the flow velocity 
(change of profile drag). 
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2. The change s Y\ of the circulation (last pro- 

portions to the change in induced drag) . 

3. The change s v z in the downward component of 

the effective flow velocity (the remaining 
parts of the change in induced drag). 



5. The Distribution of the Supplementary Pitching Moment 

Every airfoil section has one reference point F, 
for which the moment coefficient c rn is constant in 

at least one certain angle of attack range. The pitch- 
ing moment of a wing particle is referred to this point 
I: 



d * ^ vt t 2 dy 

F 2 



In view of r m = V Q (1 + s \j/ x ) , the omission of 
terms of higher order leaves 



d M ? = - v Q 2 t 2 dy c np + s | v 0 2 t 2 dy e mf 2 ^ x 

= | v 0 2 t 2 dy c nF (l + 2 s f 2 3 
Y/ithout slipstream effect, the pitching moment would 

be 

d Mti = — v n t dy c n 
hence the change in pitching moment is: 

d A VLm = § v 0 2 t 2 dy t* 2 s \|/ x = s d H t (47) 



and the proportionate change in pitching moment "becomes: 



38 
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But, according to this, the dotorninat ion of the total 
pitching moment is contingent upon the reference points I 
being located on a straight line perpendicular to the di- 
rection of flight. Suppose this is not the case and P 
lies by &j "behind a fixed reference point. Then 

d M = x ? d A + d $f| 

is referred to this new point, and with, the moment of the 
undisturbed wing 

d M 0 = x p d A Q + d Mp 
the change du-e to the slipstream 

d A M = s d K x = s(x F d A x + d Kg, ) 



Translation "by J. Vanier, 
National Advisory Committee 
for Aeronautics. 
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Figs. 1,2 




^figure 2.m Reflection of a vortex on tne circle. 



N.A^C.A. Technical Memorandum No. 920 



Figs. 3,4 




figure 4.- Slope of axis of doublet towards positive axis 
x , positive slope in counter-clockwise 
direction. 
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Fig. 5 
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Figure 5.- Reflection of the outline of a wing with dihedral on the cir- 
cle, and the interference contributions given by limiting con- 
ditions for elliptic lift distribution. 
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Fig. 6 



^ ^ a 



contribution of flow 



/ o 



1 vortex distribution over 

pi ab li 



bed 



a 



bT 6 



7\F 



- BP, 



ba 1 e 1 d 



a 



bed 



Figure 6.- The vortex distributions corr^soonding to the flov; contribu- 
tions for elliptic lift distribution. 
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Fig. 7 
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figure 7.- Reflection of outline of a v/ing of constant chord and infin- 
ite span,ani the flow contributions given by the limiting 
conditions. 
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Fig. 8 
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Figure 8.- Tne vortex distributions corresponding to the flow contri- 
bution!, for constant lift listribution. 
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Figs. 9,10 




Figure 9,- The velocities within a yawed slipstream. 




Figure 10.- The velocities outsile of a yawed slipstream. 
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Figs. 11,12 
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Figure 11.- The effective angle of attack. 
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Figure 1£.- The supplementary velocities inside 
and outside of the slipstream. 
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Pigs. 13,14 




Figure 13.- The supplementary velocities inside and outside of the slip- 
stream. 




Figure 14.- Lints of equal axial components v x ani of the r- times rad- 
ial component v r of the interference due to a propeller at 
Guns tan t thrust grading. 



N.A.C.A. Technical Memorandum No, 920 



Figs. 15,16 




Figure 16. ~ The vertical component of the velocities for constant 
slipstream twist. 



